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Abstract This study describes the preparation, char-
acterization and evaluation of new composite mem-
branes with embedded dendrimer hosts and Fe/Ni
nanoparticles. These new reactive membranes consist
of films of cyclodextrin–poly(propyleneimine) den-
drimers (b-CD–PPI) that are deposited onto commer-
cial polysulfone microporous supports and crosslinked
with trimesoyl chloride (TMC). The membranes were
subsequently loaded with Fe/Ni nanoparticles and
evaluated as separation/reactive media in aqueous
solutions using 2,4,6-trichlorophenol as model pollu-
tant. The morphology and physicochemical properties
of the composite membranes were characterised using
high-resolution transmission electron microscopy
(HR-TEM), atomic force microscopy and measure-
ments of contact angle, water intake, porosity and
water permeability. The sorption capacity and cata-
lytic activity of the membranes were evaluated using
ion chromatography, atmospheric pressure chemical
ionisation-mass spectrometry and UV–Vis spectros-
copy (UV–Vis). The sizes of the embedded Fe/Ni
nanoparticles in the membranes ranged from 40 to
66 nm as confirmed by HR-TEM. The reaction rates
for the dechlorination of 2,4,6-trichlorophenol ranged
from 0.00148 to 0.00250 min-1. In all cases, we
found that the reaction by-products consisted of
chloride ions and mixtures of compounds including
phenol (m/z = 93), 2,4-dichlorophenol (m/z = 163)
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and 4-chlorophenol (m/z = 128). The overall results
of this study suggest that b-CD–PPI dendrimers are
promising building blocks for the synthesis of com-
posite and reactive membranes for the efficient
removal of chlorinated organic pollutants from water.
Keywords b-Cyclodextrin  Fe/Ni nanoparticles 
Poly(propyleneimine) dendrimer  Polysulfone 
2,4,6-Trichlorophenol
Introduction
Membranes have gained a lot of attention in the
chemical technology industry and these have been
used in a wide range of applications such as the
production of high quality water, removal and recov-
ery of toxic and valuable components from industrial
effluent (Abedini et al. 2011). The introduction of
membrane technology in separation and concentration
has become industrially viable due to the low energy
of operation, high efficiency of separation and sim-
plicity of operation (Abedini et al. 2011). Tradition-
ally, membranes have been used in separation based
on size exclusion, solution diffusion or Donnan
exclusion (Smuleac et al. 2010). However, the fabri-
cation of membranes with novel materials such as
nanostructured dendrimer–cyclodextrin (Fig. 1a)
Ni–Fe bimetalics can extend their application towards
advanced separation and catalysis.
Dendrimers are highly branched, globular, nano-
scopic macromolecules with numerous terminal
groups (Sarkar et al. 2010). Dendrimers have been
regarded as high performance material over the past
decade and have received greater attention due to their
exquisite structure have found many possible appli-
cations in the field of catalysis, drug delivery and
biomimetics (Lianchao et al. 2006; Wei et al. 2008).
Poly(propyleneimine) (PPI) dendrimers are macro-
molecules with three-dimensional structures which
consist of an interior diaminobutane core, interior
branching units (propylene imine) and peripheral
functional groups (NH2 groups in the unfunctionalised
polymer) (Vassilev et al. 2009). The use of dendrimers
in bimetallic and monometallic nanoparticle synthesis
is well established and this has led to the production of
nanoparticles which are cone-, spherical- or disc-like
shaped, soft and have very low polydispersity and
sizes in the range of 1–3 nm (Diallo et al. 2005; Bao
et al. 2003; Weir et al. 2010; Scott et al. 2004). A
number of key factors make dendrimers particularly
interesting in nanoparticle and macromolecular syn-
thesis. First, dendrimers have a high number of
internal amine functional groups, which can act as
ligands to complex metal ions such as Cu, Fe, Ag and
Ni for nanoparticle synthesis (Huang et al. 2008;
Diallo et al. 2005). Second, the presence of nanocav-
ities in the dendrimer structure acts as hosts/templates
for the preparation of narrow and stable nanoparticles
(Bai et al. 2009). The quasispherical hyperbranched
structure of the dendrimers (generation 4 and above)
also provides a shell to prevent aggregation of the
nanoparticles (Huang et al. 2008). Third, the nano-
cavities can act as catalytic and adsorption sites for the
degradation and removal of organic pollutants. Lastly,
the highly branched peripheral amine functional
groups can be grafted with other molecules (such as
cyclodextrins) to prepare a new generation of multi-
functional material. The incorporation of b-cyclodex-
trin to dendrimers provides a unique polymer structure
that exhibits the combination of the two-type of
molecular cavities as well as characteristics of both the
cyclodextrin and the dendrimer (Fig. 1a) (Li et al.
2011).
Recent advances in membrane research such as the
fabrication of nanoparticles within structures has been
reported. Lee et al. (2008) fabricated a novel polyam-
ide nanocomposite membrane containing TiO2 nano-
particles synthesised via in situ polymerisation. The
membrane was found to have very high rejection
towards MgSO4 (95 %) and a permeate flux of
9.1 L m-2 h-1. Smuleac and co-workers (2010;
2011) prepared Fe/Pd nanoparticles in a polymer film
consisting of polyacrylic acid coated on a polyvinyl-
idene fluoride membrane for the degradation of
trichloroethylene and 2,2-dichlorobiphenyl. The
inclusion of Fe/Pd bimetallic system into the poly-
meric film was found to improve the degradation rate
from 0.005 (for Fe only) to 0.008 L m-2 h-1 when
Fe/Pd bimetallic system was used for the degradation
of trichloroethylene (Smuleac et al. 2010). On the
other hand, 2,2-dichlorophenyl was converted to
phenyl in\40 s (Smuleac et al. 2010).
Despite these promising results a great deal of work
still needs to be done to develop more efficient
technologies to extract clean water from industrial
runoff, wastewater and sea water. Thus, in this study,
a new generation of multifunctional membranes
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embedded with b-cyclodextrin–poly(propyleneimine)
dendrimer and catalytic Ni/Fe centres were prepared
and used to carry out both catalysis and adsorption.
Specifically, b-cyclodextrin and generation 3 (G3)/
generation 4 (G4) poly(propyleneimine) (PPI) (b-CD–
G3 and b-CD–G4) were incorporated on polysulfone
(PSf) as a coating layer to form a thin film composite
using trimesoyl chloride. These membranes (b-CD–
G3-PSf and b-CD–G4-PSf) were then dip coated in Fe
and Ni solution followed by metal reduction using
Fig. 1 b-CD–G2-PPI (a) reaction with trimesoyl chloride to produce a highly crosslinked b-CD–G2-PPI structure (b)
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NaBH4 to prepare the catalytic membranes (b-CD–
G3-PSf-Fe/Ni and b-CD–G4-PSf-Fe/Ni). The synthe-
sis of Ni/Fe bimetallic system in a b-cyclodextrin–
dendrimer PSf domain has not been reported before.
To further demonstrate the usefulness of these mem-
branes, the membranes were applied in the dechlori-
nation and adsorption of 2,4,6-trichlorophenol (TCP).
Experimental methods and procedures
Materials
Generation 3 (G3) and generation 4 (G4) poly(propyl-
ene imine) dendrimers were purchased from SyMO-
Chem B.V (Netherlands). N,N-carbonyldiimidaz-
ole(CDI) was purchased from Sigma Aldrich (USA).
The purification of the b-CD–dendrimer conjugates
was carried out using benzoylated dialysis tubing with
molecular weight cut off of 1,200 g mol-1, from
Sigma, Aldrich (USA). Commercial ultrafiltration flat
sheet of PSf membrane was supplied by Marsi water
(Pty) Ltd (Northriding, South Africa). 1,3,5-Benzen-
etricarbonyl trichloride (TMC) and N-(3-dimethyl-
amino propyl)-N-ethyl-carbodiimide hydrochloride
(EDC) were purchased from Sigma Aldrich Company
(St. Louis, USA). 2,4,6-Trichlorophenol, Ni (II) nitrate
hexahydrate (Ni (NO3)26H2O), Ferric nitrate (Fe
(NO3)39H2O) and sodium borohydride were pur-
chased from Fluka. All chemicals and materials were
used as received.
Host synthesis (b-CD–PPI)
A typical conjugation reaction of precursor b-cyclo-
dextrin carbonylimidazole and poly(propyleneimine)
dendrimer (generations 3 and 4) was carried out as
follows: generation 3 poly(propyleneimine) (G3-PPI)
(0.211 g, 0.125 mmol) was dissolved in dimethyl-
sulphoxide (3 mL); b-cyclodextrin imidazole
(2.446 g, 1.9 mmol) and triethylamine (3 mL) were
added to this dendrimer solution. This solution was
stirred at room temperature for 24 h and purified using
dialysis against deionised water for 2 days. Lyophili-
zation of the solution for 2 days resulted in a white
fluffy solid. A similar procedure was used for the
preparation of b-CD–G4-PPI host. Figure 1a shows an
example of the host material b-CD–G2-PPI (i.e., 8 b-
CD molecules). For b-CD–G3-PPI and b-CD–G4-PPI,
16 and 32 b-CD molecules are attached to the
periphery, respectively. Figures S1, S2, S3 and S4
show the FTIR, HNMR and MS–ESI analysis,
respectively, confirming that the host structure was
successfully synthesised.
Membrane synthesis
The membranes were prepared using an interfacial
polymerisation reaction. The aqueous phase solution
was prepared by dissolving b-cyclodextrin–poly(pro-
pyleneimine) (b-CD–PPI) (6 %, w/v) (generation 3 or
4) in water. The microporous commercial PSf mem-
brane was then dip coated in the aqueous solution for
24 h at room temperature. The residual liquid was
drained and N-(3-dimethylamino propyl)-N-ethyl-car-
bodiimide hydrochloride solution (5 % w/v) in a
phosphate buffer solution (pH = 5.6) was poured over
the membrane and left to react for 3 h. This solution
was used as a coupling agent to promote esterification.
The membrane was then placed in the organic phase,
i.e., trimesoyl chloride (1 % w/v) in n-hexane and the
reaction time was set to 60 s. The membrane was dried
in the oven at 60 C for 30 min to promote further
polymerisation. The modified PSf membranes were
then washed with deionised water to remove any
residual trimesoyl chloride and stored in deionised
water. The reaction between the host (b-CD–G2-PPI)
and trimesoyl chloride generates a crosslinked struc-
ture shown in Fig. 1b. Figure S5 shows FTIR analysis
of the membrane confirming successful crosslinking
of the b-CD–PPI host with trimesoyl chloride to give a
polyester membrane.
Preparation of Fe/Ni-modified membranes
Prior to the Fe/Ni nanoparticle preparation, the mem-
branes were immersed in NaCl (5 wt%) solution
(pH = 10) overnight to deprotonate the hydroxyl
groups (Smuleac et al. 2010). The deprotonation was
carried out to facilitate metal binding with the mem-
brane. The membrane was thoroughly washed with
deionised water until the pH became neutral. It was then
immersed in an aqueous solution containing
NiNO39H2O (2.4 wt%) and FeNO39H2O (7.8 wt%)
and shaken overnight to provide efficient deposition of
the metal ions onto the membrane. Argon was purged
into the solution to prevent oxidation. The encapsulated
Fe2?/Ni2? ions were simultaneously reduced with
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aqueous NaBH4 (0.4 M, 25 mL) for 20 min and this
resulted in the catalytic membrane (Xu et al. 2005).
The membrane was stored in ethanol to prevent
oxidation.
Membrane characterisation
Fourier transform infrared-attenuated total reflection
(FTIR-ATR)
The membrane samples were analysed with a Perkin
Elmer 100 FTIR spectrophotometer. Powder and
membranes samples (with active side facing down)
were placed on the ATR and analysed in the range
650–4,000 cm-1 averaging 32 scans at a spectral
resolution of 4 cm-1.
Atomic force microscopy (AFM)
Multimode Atomic Force Microscope (Nano Scope
Version (IV) was used to determine surface morphol-
ogy and roughness (Rq) of the membranes. The
membrane sample (1 cm 9 1 cm) was placed on a
sample holder and a RTESPW tip with a radius of
curvature of \10 nm (Veeco instruments) was used.
The tip was mounted on a 125-lm-long cantilever with
the spring constant of 40 N/m and this was employed
for the tapping mode experiment. The height and phase
images were obtained using a scan rate of 0.5 Hz and
the tip frequencies ranged from 280 to 310 kHz.
Scanning electron microscopy (SEM)
Scanning electron microscopy was used to determine the
cross-sectional images of the thin film composite. The
samples were frozen and fractured in liquid nitrogen,
coated with carbon and mounted on the instrument. The
samples were then examined using Field emission
scanning electron microscopy (Joel, JSM, 7500F).
Contact angle analysis
Contact angle analyses were measured using the
sessile drop method with a Data Physics optical
contact angle instrument. About ten measurements
were conducted at different sites per sample and all
measurements were recorded at room temperature.
These analyses were carried out in order to determine
the hydrophilicity of the membranes.
High-resolution transmission electron microscopy
(HR-TEM)
The membrane samples were prepared by sectioning
with a diamond knife to give very thin sections. These
thin sections were examined using HRTEM JOEL
JEM-2100 coupled to an energy dispersive X-ray
spectroscopy (EDS).
Water intake capacity and porosity measurements
Water intake capacity was performed to evaluate the
adsorption of water by the fabricated membranes. The
water intake capacity of the membrane was obtained
after soaking the membrane in deionised water for
24 h. The membranes were weighed after mopping
with paper to obtain the wet weight. The membranes
were dried in an oven at 60 C for 24 h to obtain the
dry weight. The percent water intake capacity (WIC)
was calculated using Eq. (1) (Adams et al. 2012);
WIC %ð Þ ¼ Ww  Wd
Ww
 100 ð1Þ
where ww and wd are the wet and dry weights of the
membrane, respectively.
Membrane porosity was determined by immersing
the membrane in water for 24 h followed by blotting
the membrane with paper and the wet weight of the
membrane was measured. The membrane was dried in
an oven at 60 C for 24 h and the weight was
measured again. The porosity of the membrane (P)
was measured by using Eq. 2 (Adams et al. 2012):
P %ð Þ ¼ ðW0  W1Þ
Ah
 1000 ð2Þ
where w0 and w1 are the weight of the wet and dry
membrane, respectively, A is the area of the membrane
(cm2) and h is the membrane thickness (mm).
Membrane performance evaluation
The separation performance tests for b-CD–PPI–PSf,
b-CD–PPI–PSf-Fe/Ni and native PSf membranes were
carried using a six-cell crossflow parallel membrane
system shown in Scheme 1. The membranes were
stabilised with distilled water at 2.4 MPa for 2 h with
deionised water before testing. The six-cell crossflow
system has a set of membrane cells fed in parallel from
a single feed tank (Jin et al. 2009). The water in the
J Nanopart Res (2013) 15:1698 Page 5 of 15
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feed tank was maintained by magnetic stirring and was
pressurised into the system by a hydra cell pump. A
laboratory recirculating heater chiller (Poly Science
digital temperature controller) maintained the feed
water at 22 C. Back pressure regulators (Swagelok)
and bypass valves controlled the feed water hydraulic
pressure and crossflow velocity for each side individ-
ually (Jin et al. 2009). After sampling, the permeate
and retentate were returned to the feed tank in order to
maintain a constant concentration of 2,4,6-TCP.
The membrane permeability was determined from
pure water flux using deionised water. The water flux
was (Jw) is expressed in Eq. 3 (Adams et al. 2012):
Jw ¼ V
At
ð3Þ
where v is the permeate volume (m3), A is the effective
membrane area (0.00129 m2) and t is the time (hours)
to collect the permeate volume. To evaluate the
dechlorination performance of the membrane towards
2,4,6-TCP, the feed solution (50 mg L-1) was passed
through the membrane at a pressure of 0.69 MPa. The
permeate was collected at constant time intervals and
analysed using an UV–Vis spectrophotometer at
293 nm. The amount of 2,4,6-TCP adsorbed per unit
area of the membrane was calculated using Eq. 4:
Scheme 1 A schematic
representation of a six-cell
crossflow system (1) feed
solution (10 L, 22 C), (2)
feed pump (3–5), and (12–
14) membrane cell, (6 and
11) back pressure regulators,
(7 and 10) flow meter, (8 and
15) by pass valves, (9 and
16) pressure gauges
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TCP adsorption ¼ Cf  Cp
A
 V ð4Þ
where cp is the concentration of the permeate, cf is the
concentration of the feed (mg L-1), A is the membrane
area in cm2 and V is the total volume of the solution
(L).
Batch analysis for evaluation of kinetics
Membranes containing Fe/Ni nanoparticles were
immersed in a sealed erlenmeyer flask containing
2,4,6-triclorophenol (50 mg L-1) solution under
argon gas. This solution was shaken on a shaker at a
speed of 180 rpm. The samples were collected at
different time intervals using a syringe and analysed
using an UV–Vis spectrophotometer at 293 nm.
Ion chromatography analysis
The concentration of chlorine ions was determined
using Ion chromatography (Dionex ICS-2000 equipped
with a Dionex Ionpac AS18 (2 9 250 mm) column)
and the samples were first filtered through polyvinyl-
idene fluoride syringe filters (0.45 lm) before analysis.
Atmospheric pressure chemical ionisation-mass
spectrometry (APCI-MS) analysis
The dechlorination by-products (2,4-dichlorophenol,
4-chlorophenol and phenol) were analysed by liquid
chromatography–mass spectrometry (Waters e2695,
Separations). A methanol (80 %):water (20 %) mobile
phase was used and the injection volume was set at
1 lL using direct infusion.
Results and discussion
HR-TEM analysis
The morphology of Fe/Ni nanoparticles was determined
by HR-TEM cross-sectional images illustrated in
Fig. 2a, c. The TEM micrographs illustrate that the
nanoparticles were uniformly and densely dispersed
within the structure of the membrane. The particle sizes
ranged from 59 to 66 nm for b-CD–G3-Ni/Fe and
47–58 nm for b-CD–G4-PSf-Ni/Fe. The mean diame-
ters of the synthesised nanoparticles were 66 nm
(Fig. 2b) and 59 nm (Fig. 2d) for b-CD–G3-Fe/Ni and
b-CD–G4-PSf-Fe/Ni, respectively. The corresponding
EDS (Fig. 2e) affirmed the presence of Fe/Ni within the
membranes; the Ni and Fe were detected at 7.5 and
6.2 keV, respectively. Xu et al. (2005) also observed the
same EDS line profile for Fe/Ni synthesised in polyac-
rylic acid/polyethersulfone membranes. The synthes-
ised nanoparticles were bigger in size than the Fe/Ni
nanoparticles individually prepared in generation 2 and
generation 3 poly(propyleneimine) dendrimers which
were in the quantum dot size range (1–4 nm) (Malinga
et al. 2012). In this nanoparticle range, the Fe/Ni
nanoalloy is said to have been formed inside the
dendrimer cavities. In a similar study by Meyer and
Bhattacharyya (2007) where Fe/Ni was imbedded on
cellulose acetate membrane the particle sizes were
found to range from 18 to 80 nm within the membrane
cross-section. Formation of large nanoparticles sizes
after synthesis in membranes has been reported is
attributed to the fact that membranes have a more open
structure (Meyer and Bhattacharyya 2007). Fe/Pd
nanoparticles were also synthesised in polyacrylic acid
embedded in a polyvinylidene fluoride membrane and
these nanoparticles were reported to be in the range of
20–30 nm (Smuleac et al. 2010). However, the Fe/Ni
nanoparticles synthesised in this study were still in the
nanometer range (1–100 nm). EDS mapping shown in
Fig. S6 gave evidence that the Fe and Ni were distributed
uniformly in the membrane therefore bimetallic Fe/Ni
nanoparticles were fabricated within the membranes.
AFM analysis
The surface morphology of the membranes were
further characterised by AFM. The AFM topography
and roughness measurements revealed that the change
in roughness was a result of various membrane
fabrication processes. In general, the morphology of
the membranes changes after coating with cyclodex-
trin–dendrimer material followed by subsequent load-
ing of Fe/Ni nanoparticles (Fig. 3b–e) as compared to
the unmodified PSf (Fig. 3a). There is appearance of
protrusions which form a ridge and valley structures
and these morphological changes are complemented
by the increase in roughness measurements observed
in Fig. 4. The roughness increased in the following
sequence: PSf \ b-CD–G3-PSf and b-CD–G4-
PSf \b-CD–G3-PSf-Fe/Ni and b-CD–G4-PSf-Fe/
Ni. Wei et al. (2008) also found that the roughness
J Nanopart Res (2013) 15:1698 Page 7 of 15
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increased after each fabrication process step, i.e., PSf–
ultrafiltration membrane (5.5 nm) to PSf–ethanol
membrane (5.7 nm) and finally PSf–hyperbranched
polyether membranes (6.5–12.5 nm).
Water intake capacity, contact angle and pure
water flux
Figure 5 shows that generally the water flux increased
with increasing operating pressure and the water
permeability was calculated using the four different
applied pressures. Table 1 shows the water intake
capacity, contact angle, porosity and pure water
permeability of the b-CD–PPI–PSf with Fe/Ni nano-
particles. After nanoparticle incorporation of the b-
CD–G3/G4-PSf membrane, the pure water permeabil-
ity was found to decrease from 26 to 20 m h-1 MPa-1
for b-CD–G3-PSf-Fe/Ni and from 46 to 16 m
h-1 MPa-1 for b-CD–G4-PSf-Fe/Ni. Introduction of
the nanoparticle in the membrane matrix reduced pure
Fig. 2 HR-TEM for a b-
CD–G3-PSf-Fe/Ni and
b corresponding size
distribution histogram. c b-
CD–G4-PSf-Fe/Ni and
d corresponding size
distribution histogram.
e EDS spectrum
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water permeability. It also had a slight effect in the
porosity and water content. This trend was also
reported by Xu et al. (2005) when Fe/Ni nanoparticles
were synthesised on polyacrylic acid polyether sulfone
composite membrane. The pure water permeability of
the polyacrylic acid/polyethersulfone (PAA/PES)
with Fe/Ni had the lowest pure water permeability
(0.27 9 10-4 cm3 cm-2 bar-1 s-1) as compared to
the PAA/PES (3.03 9 10-4 cm3 cm-2 bar-1 s-1)
and PES (76.9 9 10-4 cm3 cm-2 bar-1 s-1) (Xu
et al. 2005). This was attributed to the resistance from
the PAA coating layer and Fe/Ni immobilised in the
membrane which affects the membrane pore matrix
thus reducing the membrane pore size and porosity as
demonstrated by our results (Table 1) (Xu et al. 2005).
Smuleac et al. (2010) also obtained similar results
Fig. 3 AFM images of
a Commercial PSf, b b-CD–
G3-PSf, c b-CD–G4-PSf,
d b-CD–G3-PSf-Fe/Ni, e b-
CD–G4-PSf-Fe/Ni
Fig. 4 Roughness of PSf-based membranes
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where the membrane permeability was found to
decrease after each functionalisation step. The water
permeability of bare polyvinylidene fluoride mem-
brane was 4,824 9 10-4 cm3 cm-2 s-1 bar-1 which
decreased after the addition of iron to 468.7 9
10-4 cm3 cm-2 s-1 bar-1. Liu et al. (2010) also
observed that as more components or layers are added
to the membrane the pure water flux gradually decreases.
In this study, crosslinking of the base membrane chitosan
with activated carbon fibre and then dip coating in TiO2
reduced the water flux from 34.35 to 19.56 m3 m-2 h-1
(Liu et al. 2010). As illustrated in Table 1, there is
decrease in permeability as components are introduced
to the base PSf membrane. This is because the addition of
nanoparticles reduces the membrane pore voids resulting
in increase in resistance to water permeation. The
membranes coated with nanoparticles maintained their
hydrophilicity as the contact angle remained below that
of PSf membrane.
Adsorptive removal of 2,4,6-trichlorophenol
from water using PSf, b-CD–G3-PSf and
b-CD–G4-PSf
Figure 6a shows 2,4,6-trichlorophenol adsorption of
the base membrane (PSf), b-CD–G3-PSf and b-CD–
G4-PSf. The removal efficiency of all the modified
membranes was higher as compared to the PSf. As the
reaction progressed the removal efficiencies decreased
and reached a steady state. The modified membranes
exhibit cyclodextrin–dendrimer nanocavities which
can efficiently adsorb and encapsulate organic pollu-
tants such as 2,4,6-trichlorophenol and this network
system is present in all the membranes tested except
PSf. In a study conducted by Li et al. (2011),
polyamidoamine–cyclodextrin (PAMAM–CD) copoly-
mer was found to have high adsorption efficiencies
towards organic compounds such as 2,4,6-trichlorophe-
nol (up to 92 %), 2,4-dichlorophenol (69 %) and poceau
4R (up to 99.6 %). It was concluded that these
adsorbents were adsorbed to a large extent onto the
surface or into the PAMAM–CD through interactions
with nitrogen and oxygen available within the PA-
MAM–CD copolymer (Li et al. 2011). The high removal
efficiency of modified membranes could be due to the
interaction of 2,4,6-TCP with the nitrogen and oxygen
available from the poly(propyleneimine)–cyclodextrin
structure (Fig. 1a) which are active sites on the sur-
face and within b-cyclodextrin–poly(propyleneimine)
conjugate.
The corresponding solute fluxes of the membranes
are depicted in Fig. 6b. The modified b-CD–PPI–PSf-
Fe/Ni membranes exhibited a lower flux than b-CD–
PPI–PSf and native PSf and this was attributed to the
increase in the thickness of the thin film layer. The
thickness of the selective layer estimated using Imagej
software (Park et al. 2012) from the cross-section SEM
images are shown in Fig. 7. The thickness of the film
was found to be 45 and 39 lm b-CD–G3-PPI–PSf and
b-CD–G4-PPI–PSf, respectively. Upon addition of Fe/
Ni nanoparticle, the layer thickness increased to
259 lm for b-CD–G3-PPI–PSf-Fe/Ni and 109 lm
for b-CD–G4-PPI–PSf-Fe/Ni. According to Singh
et al. (2011), composite membranes which have a
thicker selective layer exhibit a lower flux. In this
study, composite membranes were prepared by cross-
linking L-arginine and piperazine with trimesoyl
chloride (1 and 0.5 %) (Singh et al. 2011). Membranes
that were prepared using 0.5 % trimesoyl chloride
with layer thickness of 0.4 lm exhibited a lower flux
(Singh et al. 2011).
Dechlorination studies
One of the by-products formed during the dechlorina-
tion of 2,4,6-TCP is chloride ions (Fig. 8). The
chloride ions generated by b-CD–G3-PSf-Fe/Ni were
of lower concentration (*0.5 mg L-1) than b-CD–
G4-PSf-Fe/Ni (*1.5 mg L-1) and remained at a
constant concentration for the time tested. Low
chlorine ions were reported by Schrick et al. (2002)
for trichloroethylene dechlorination using Fe/Ni
Fig. 5 The relationship between pure water flux and pressure
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nanoparticles. The low chloride ion concentration
could be explained by the formation of insoluble
chlorine containing hydroxides or adsorption of
chloride by metal corrosion products (green rust)
thus leading to low detection of the ion (Schrick
et al. 2002). According to Smuleac et al. (2010),
dechlorination reaction can be affected by two factors,
i.e., iron oxide and Ni (or catalyst) deactivation due to
coverage of oxide or hydroxides (Smuleac et al. 2010).
Fe (0) can be corroded releasing ferrous ions and these
ions cause an increase pH which in turn results in the
formation of iron oxide (Yang et al. 2011; Meyer and
Bhattacharyya 2007). The iron oxide deposits on the
surface of the Fe (0) thus causing a decrease in
dechlorination efficiency of the bimetallic system
(Meyer and Bhattacharyya 2007: Yang et al. 2011).
Therefore, the iron cannot produce hydrogen which
can be deposited on the Ni to create active sites for
dechlorination of 2,4,6-TCP. This can lower the
dechlorination reactivity of the bimetallic Fe/Ni as
seen for b-CD–G3-PSf-Fe/Ni membrane. Also as the
2,4,6-TCP is dechlorinated to other intermediate by-
products, the nanocavities of the catalytic membranes
maybe occupied by these molecules thus inhibiting
further interaction of the 2,4,6-TCP with the catalytic
membranes hence lowering dechlorination. This trend
was also observed by Liu et al. (2010) where in situ
photocatalytic regeneration of chitosan/activated car-
bon fibre/TiO2 (CS/ACF/TiO2) was affected by the
presence of small molecules intermediate from oxi-
dation of 2,4-dichlorophenol which inhibited the
adsorption of 2,4-dichlorophenol onto the adsorption
site of the CS/ACF/TiO2 composite membrane.
To further confirm dechlorination, the permeate was
analysed for the presence of other products using
APCI-MS. The dechlorination products of 2,4,6-TCP
were 4-chlorophenol (m/z 128.5), phenol (m/z = 93.0)
and 2,4-dichlorophenol (m/z = 162.9) as illustrated in
Fig. 9. Specifically for b-CD–G3-PSf-Fe/Ni 2,4-
dichlorophenol was the only by-product detected after
60 min and for b-CD–G4-PSf-Fe/Ni, 4-chlorophenol
(after 45 min) and phenol (after 60 min) were also
detected. These products have also been reported by
Fig. 6 a Adsorption efficiency of membranes overtime and
b permeate flux at 0.69 MPa
Table 1 Water intake capacity, contact angle and pure water permeability for PSf, b-CD–PPI–PSf and b-CD–PPI–PSf-Fe/Ni
membranes
Membranes Water intake
capacity (%)
Contact
angle ()
Porosity
(%)
Pure water
permeability
(10-3 m h-1 MPa-1)
Thickness of
surface layer (nm)
Commercial PSf 17 76 15 101 –
b-CD–G3-PPI–PSf 29 36 23 26 45
b-CD–G4-PPI–PSf 47 41 42 46 39
b-CD–G3-PSf-Fe/Ni 22 70 18 20 259
b-CD–G4-PSf-Fe/Ni 34 64 27 16 109
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other researchers who have used different materials
either for degradation or dechlorination of 2,4,6-TCP.
Choi et al. (2007) detected phenol after reductive
dechlorination of 2,4,6-TCP using a Fe/Pd-coated
reactive barrier. Mun et al. (2008) used an acidogenic
sequencing batch reactor to successfully dechlorinate
2,4,6-trichlorophenol to 4-chlorophenol. Gaya et al.
(2010) used ZnO powder for the photocatalytic
degradation of 2,4,6-trichlophenol, gas chromatogra-
phy–mass spectrometry and high performance-liquid
chromatography revealed the presence of 4-chloro-
phenol and phenol as the degradation intermediates
and complete minerilisation of these intermediates was
observed after 120 min.
Fig. 7 Cross-section images for a b-CD–G3-PPI–PSf, b b-CD–G4-PPI–PSf, c b-CD–G3-PPI–PSf-NiFe, d b-CD–G4-PPI–PSf-NiFe
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Kinectic studies for the dechlorination
of 2,4,6-TCP using batch studies
Data for kinetic evaluation based on the convective
mode analysis were not used since the rate constant
calculations are based on assumptions as reported by
other investigators (Smuleac et al. 2010, 2011).
Therefore, in this study we opted for the batch analysis
to calculate the rate of the reaction and this was
evaluated using Eq. 5 (Kuvarega et al. 2011) (Meyer
and Bhattacharyya 2007):
ln
C
C0
¼ kobst ð5Þ
where k is the observed reaction rate constant, C and
C0 represent the concentration at initial time and
time t, respectively. The values of kobs obtained from
the linear fit of the data are shown in Fig. 10. The rate
constants for the dechlorination of 2,4,6-TCP was
found to be 0.0015 and 0.0025 min-1 for b-CD–G3-
PSf-Fe/Ni and b-CD–G4-PSf-Fe/Ni, respectively.
These rate constants were found to be comparable
with those reported by researchers who have prepared
Ni/Fe nanoparticles using cellulose acetate mem-
branes (Meyer and Bhattacharyya 2007). Meyer and
Bhattacharyya (2007) reported a reaction rate constant
of 0.29 h-1 (0.00483 min-1) for the dechlorination of
trichloroethylene for Fe/Ni nanoparticles embedded
on cellulose acetate membranes which were prepared
by phase inversion.
Conclusion
The current study reports for the first time the
synthesis of Fe/Ni nanoparticles in the presence of
the b-cyclodextrin–dendrimer. HR-TEM demon-
strated even distribution of the Fe/Ni nanoparticles
and this feature is very important in the dechlorination
of organic compounds such as 2,4,6-TCP. Dechlori-
nation efficiency towards 2,4,6-TCP was comparable
with other studies for the catalytic membranes and the
presence of chloride ions, phenol, 4-chlorophenol and
Fig. 8 Concentration of chlorine ions as a function of time for
the dechlorination of 2,4,6-TCP under convection mode using
b-CD–G3-PSf-Fe/Ni and b-CD–G4-PSf-Fe/Ni
Fig. 9 APCI-MS analysis of 2,4,6-TCP dechlorination prod-
ucts a 4-chlorophenol, b phenol, c 2,4-dichlorophenol
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2,4-dichlorophenol as by-products indicated that
the membrane is feasible as a support for Fe/Ni
nanoparticles.
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